INTRODUCTION
PDGF (platelet-derived growth factor) regulates a diverse array of cellular processes, such as cell proliferation and motility, under normal physiological conditions as well as during the pathogenesis of a number of human diseases [1] [2] [3] [4] [5] . Immunohistochemical analysis of human breast cancer tissues showed localized membranous PDGFR (PDGF receptor) expression/activation in periepithelial stromal cell populations, suggesting a paracrine stimulation of adjacent stromal tissue by breast tumour cells [6] . Moreover, a previous study of invasive ductal breast carcinomas demonstrated an association between α-PDGFR staining and lymph node metastasis [7] . In experimental models of breast cancer, PDGF initiates a human breast carcinoma desmoplastic response via paracrine signalling [8, 9] . PDGF autocrine signalling was shown to be essential for tumour formation and metastasis in Ras-mediated mammary tumours, as well as in MMTV (murine mammary tumour virus)-Neu/TGF-β (transforming growth factor-β) transgenic mice [10] . Importantly, our recent tissue microarray analysis of 216 patients with invasive breast cancer showed that increased PDGF-C expression correlates with lymph node metastases, increased Ki-67 proliferation staining, and lower rates of 7-year disease-free survival (Y. H. Meng, N. Hurst Jr, A. Najy, A. Bottrell, J. Won, F. Miller, C. J. Kim, E.-S. Kim, A. Moon, E. J. Kim, S. Y. Park and H. -R. C. Kim, unpublished work). Furthermore, a role for PDGF-C in malignancy was suggested by the observation that Ewing sarcoma cell lines showed increased expression and secretion of PDGF-C [11, 12] . When a dominant-negative PDGF-C construct was expressed in these cell lines, they showed a reduction of anchorage-independent growth, but not a full reversion of the phenotype [11, 12] . PDGF-C autocrine signalling has also been suggested for the initiation and progression of brain tumours, such as glioblastoma and medulloblastoma [13, 14] . However, little is known at present about the role of PDGF-C in breast cancer.
Although the classical PDGF ligands A and B are secreted as active heterodimers or homodimers, newly identified PDGF ligands C and D are secreted as latent homodimers containing an N-terminal CUB domain and a C-terminal GFD (growth factor domain) [15, 16] . Previous reports have demonstrated that plasmin and a component of FBS (fetal bovine serum) were capable of processing latent PDGF-C into the GFD, and identified the PDGF-C cleavage site to be between Lys 225 and Ala 226 by N-terminal sequencing of the GFD of PDGF-C isolated from BHK-570 cells [15, 17] . A later study reported that PDGF-C is a substrate of tPA (tissue plasminogen activator) in in vitro biochemical assays, and Arg 231 in the hinge region of PDGF-C is essential for its cleavage by tPA [18] . Proteolytically activated PDGF-C stimulates its cognate receptor, α-PDGFR, but can also activate β-PDGFR via αβ-PDGFR heterodimerization [15, 17] .
The goals of the present study were to identify breast carcinoma-produced proteases responsible for extracellular proteolytic cleavage of PDGF-C, a key step to initiate PDGF-C/PDGFR signalling, and to investigate the potential oncogenic activities of PDGF-C in breast cancer. In the present study we identified tPA, uPA (urokinase-type plasminogen activator) and Abbreviations used: Ab, antibody; CM, conditioned medium/media; DMEM, Dulbecco's modified Eagle's medium; FBS, fetal bovine serum; GFD, growth factor domain; HAI-1, HGF (heptocyte growth factor) activator inhibitor type 1; HGF, heptocyte growth factor; Ni-NTA, Ni 2 + -nitrilotriacetate; ORF, open reading frame; PAI-1, plasminogen-activator inhibitor-1; PDGF, platelet-derived growth factor; FL-PDGF-C, full-length PDGF-C; PDGFR, PDGF receptor; rPDGF-C, recombinant PDGF-C; PS-SCL, positional scanning-synthetic combinatorial library; RT, reverse transcription; TAPI, TNFα (tumour necrosis factor α) protease inhibitor; tPA, tissue plasminogen activator; uPA, urokinase-type plasminogen activator; WST-1, water-soluble tetrazolium salt 1.
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matriptase as potential activators of PDGF-C in breast cancer. We show that the FL-PDGF-C (full-length PDGF-C) dimer undergoes proteolytic cleavage in a two-step process, creating a hemidimer containing one chain of FL-PDGF-C monomer and one chain of GFD-PDGF-C monomer followed by GFD dimer (GFD-D). Interestingly, while Lys 225 is the putative proteolytic cleavage site, the LLGK (amino acids 222-225) motif appears to be critical for the first cleavage for the generation of hemidimer; both the LLGK and RKSR (amino acids 231-234) motifs in the hinge region between the CUB and GFD domains of PDGF-C are essential for the second cleavage for the generation of the GFD dimer. Importantly, increased PDGF-C expression in MCF7 cells increased cell proliferation, anchorage-independent cell growth and tumour cell motility, demonstrating a potential oncogenic activity of PDGF-C in breast cancer. Importantly, we also provide evidence that PDGF-C potentiates tumour cell invasion through paracrine signalling in fibroblasts.
MATERIALS AND METHODS

Cell culture and reagents
Cell lines used in the present study were purchased from American Type Culture Collection (A.T.C.C.) and maintained as recommended. MCF7 human breast carcinoma cells, the resultant MCF7 transfectant cell lines and murine NIH 3T3 fibroblasts were cultured in a humidified 5 % CO 2 incubator with DMEM (Dulbecco's modified Eagle's medium)/F12 medium supplemented with 10 % FBS. CV-1 green monkey kidney cells were cultured in DMEM supplemented with 10 % FBS. All cell lines were supplemented with 100 units/ml penicillin, 100 mg/ml streptomycin, 2 mM glutamine and fungizone. The proteases tPA and uPA, and the protease inhibitors PAI-1 (plasminogen-activator inhibitor-1), TAPI [TNFα (tumour necrosis factor α) protease inhibitor] and α1-PDX (α1-antitrypsin Portland) were purchased from EMD Biosciences. HAI-1 [HGF (heptocyte growth factor) activator inhibitor type 1] was obtained from R&D Systems. Aprotinin and leupeptin were purchased from Sigma-Aldrich.
Construction of viral PDGF-C expression vectors
An RT (reverse transcription)-PCR approach was taken to clone PDGF-C into a vaccinia expression vector. Total RNA was isolated from the prostate cancer cell lines DU145 and PC3 using TRIzol ® reagent and used in cDNA synthesis reactions using SuperScript RT-III (Invitrogen). The resultant cDNAs were then used in PCRs that yielded a 1071-bp product containing the 1035-bp ORF (open reading frame) of PDGF-C encoding FL-PDGF-C. Additionally, this product contained the restriction sites for NcoI and BamHI at the 5 and 3 ends respectively of the PDGF-C ORF. Furthermore, to the C-terminus of the PDGF-C product we added a His 6 epitope tag (forward, 5 -CATGCCAT-GGGGAGCCTCTTCGGGCTTCTC-3 ; reverse, 5 -CGGGAT-CCCTAATGGTGATGGTGATGATGTCCTCCTGTGCTCCCT-CT-3 ; the His 6 tag is underlined). This product was then digested with NcoI and BamHI and inserted into the NcoI/BamHI site of the vaccinia virus expression vector pTF7-ECM1 (a gift from Dr R. Fridman, Wayne State University, Detroit, MI, U.S.A.). Fidelity of the in-frame sequence encoding the FL-PDGF-CHis fusion protein was confirmed by DNA sequencing (Elim Biopharmaceuticals). This plasmid is referred to as pTF7-PDGF-C-FL-His. The pTF7-PDGF-C-FL-His construct was then used as a template in site-directed mutagenesis to create point mutants. and Arg 234 to alanine (K225A/R231A/R234A). Following the manufacturer's protocol for the QuikChange ® Site-directed Mutagenesis Kit (Stratagene), primers were designed to create a single mutant at K225A (forward, 5 -CCAACTTGGCAACTT-CTTGGCGCGGCTTTTGTTTTTGG-3 ; reverse, 5 -CCAAAA-ACAAAAGCCGCGCCAAGAAGTTGCCAAGTTGG-3 ) and a double mutant at R231A/R234A (forward, 5 -GGCTTTTGT-TTTTGGAGCAAAATCCGCAGTGGTGGATCTG-3 ; reverse, 5 -CAGATCCACCACTGCGGATTTTGCTCCAAAAACAAA-AGCC-3 ). After confirmation of sequencing, the pTF7-PDGF-C-FL-His R231A/234A construct was used as a template for creation of a triple mutant at K225A/R231A/R234A using the same primers that generated the K225A mutant. The sequencing of this construct was then confirmed.
Production of rPDGF-C (recombinant PDGF-C) protein
Established vaccinia virus protocols [19] were followed to generate rPDGF-C ligand. Briefly, CV-1 cells were first infected with the recombinant vaccinia virus vTF7-3, which expresses the T7 RNA polymerase. After 30 min of infection, the cells were washed with PBS and transfected with the plasmid pTF7-PDGF-C-FL-His, using Effectene ® reagent (Qiagen). Expression of the FL-PDGF-C protein inserted into the pTF7 plasmid is reliant on infection of the cells by vTF7-3. Cell-host machinery then transcribes the gene of interest. At 48 h after co-infection/transfection with vaccinia virus and pTF-7 PDGF-C-FL-His, the serum-free CM (conditioned medium) was collected and cleared of cellular debris by a 5 min centrifugation at 2000 g. The resultant CM containing FL-PDGF-C protein was used in subsequent PDGF-C processing experiments.
Construction of a mammalian PDGF-C expression vector
To insert FL-PDGF-C into the mammalian expression vector pcDNA 3.1 ( + ) (Invitrogen), a double restriction enzyme digest was performed. The wild-type FL-PDGF-C-His sequence was first cut from pIND-PDGF-C-FL-His plasmid with the enzymes AflII and BamHI. The resulting product was then gel-purified and ligated into the pcDNA 3.1 ( + ) plasmid. This plasmid is referred to as pcDNA 3.1 -PDGF-C-FL-His.
Establishment of a FL-PDGF-C-overexpressing MCF7 breast carcinoma cell line
Human breast carcinoma MCF7 cells were transfected with pcDNA 3.1 -PDGF-C-FL-His and pcDNA 3.1 ( + ) empty vector using Effectene ® reagent and then selected using 400 μg/ml Geneticin (G418) in complete culture medium for 12 days. The resulting resistant cells were pooled together and are referred to as MCF7-PDGF-C and MCF7-Neo respectively. Overexpression of FL-PDGF-C was confirmed by RT-PCR as follows. Total RNA was extracted from cells using TRIzol ® reagent (Invitrogen). Total RNA (5 μg) from each cell line was used to synthesize cDNA using SuperScript RT-III (Invitrogen). Resultant cDNA was then used as a template in a PCR, using Taq polymerase (Promega) and the following primers: forward, 5 -TCCAGCAACAAGGAACAGAA-3 and reverse, 5 -GGGTCTTCAAGCCCAAATCT-3 . These primers amplify a 200-bp product that represents part of the CUB domain in the FL-PDGF-C protein. This primer pair does not allow for discrimination of endogenously and exogenously expressed FL-PDGF-C. GAPDH (glyceradehyde-3-phosphate dehydrogenase) expression was used as a positive control with the following primers: forward, 5 -ATCACCATCTTCCAGGAGCGA-3 and reverse, 5 -GCCAGTGAGCTTCCCGTTCA-3 .
Custom Ab (antibody) raised against the PDGF-C GFD An Ab was raised against the PDGF-C protein using a synthetic peptide (N-CGRKSRVVDLNLLTEEVRLYSC-C) representing a portion of the PDGF-C GFD (amino acids 230-250). The resultant Ab was affinity-purified (Zymed Biomedical) and is referred to as anti-PDGF-C GFD Ab.
PDGF-C-mediated paracrine activation of α-PDGFR
MCF7-PDGF-C and MCF7-Neo cells were cultured in serumfree media for 48 h. The resultant CM was collected and centrifuged for 5 min at 2000 g to remove cellular debris. Serumstarved NIH 3T3 cells were treated with this CM from the MCF7 transfectants for 10 min. Lysates were collected using RIPA lysis buffer [0.5 % sodium deoxycholate, 1 % Nonidet P40, 50 mM Tris/HCl (pH 7.6), 2 mM EGTA, 2 mM EDTA, 150 mM NaCl, 2 mM sodium orthovanadate, 1 mM PMSF, 1 mM sodium fluoride and a protein inhibitor cocktail tablet (Roche)]. The lysates were centrifuged for 20 min at 4
• C at 12 000 g to remove debris, and the supernatant was collected. Total protein concentrations were determined using the BCA (bicinchoninic acid) Protein Assay Kit (Pierce Biotechnology). Lysates (500 μg) were then used for immunoprecipitation with an anti-α-PDGFR Ab (Santa Cruz Biotechnology) and Protein G-agarose beads (Pierce Biotechnology). Immunoprecipitates were washed three times with RIPA lysis buffer and resolved by reducing SDS/PAGE. Tyrosine-phosphorylated α-PDGFR was detected by immunoblot using an anti-phosphotyrosine Ab (Upstate Biotechnology). Total levels of α-PDGFR were detected using the same Ab used for immunoprecipitation. Activation assays were repeated three times.
Inhibition experiments with MCF7-PDGF-C cells
MCF7-PDGF-C cells were seeded in six-well plates, washed three times with PBS, and incubated in the presence of serum-free medium with the protease inhibitors leupeptin, aprotinin, E64, E64c, TAPI, PAI-1, HAI-1, a tPA-blocking Ab or a uPA-blocking Ab for 48 h. After incubation, the resultant CM was collected and analysed by SDS/PAGE under reducing conditions, immunoblotted and probed with anti-PDGF-C GFD Ab. Inhibitory analysis was observed in three separate experimental runs.
Ni-NTA (Ni 2 + -nitrilotriacetate) concentration of rPDGF-C
rPDGF-C expressed by vaccinia virus contains a His 6 tag at the C-terminal end of FL-PDGF-C. Therefore a Ni-affinity protocol was used to immunoprecipitate the FL-PDGF-C and/or GFD forms. Briefly, 10× binding buffer (500 mM sodium phosphate, 10 mM imidazole and 0.5 % Tween 20) was added to CM collected from vaccinia virus co-infected/transfected FL-PDGF-C-expressing cells in the presence of a 50 % Ni-NTA agarose bead slurry (Qiagen). The media and beads were then rocked overnight at 4 • C, after which time the beads are spun down by centrifugation and washed twice in wash buffer (1× binding buffer and 300 mM NaCl). The rPDGF-C was then eluted from the beads by incubating them overnight at 4
• C in the presence of 10 mM EDTA. This PDGF-C eluate was then aliquoted and stored at − 80
• C until needed for subsequent experiments.
In vitro cleavage of rPDGF-C by tPA, uPA or matriptase • C [in 50 mM Tris/HCl (pH 7.5) and 100 mM NaCl]. After incubation, the products were analysed by SDS/PAGE under reducing or non-reducing conditions and immunoblotted with anti-PDGF-C GFD Ab. PDGF-C protease cleavage experiments were verified in three independent experiments.
Plasminogen-casein or casein zymography
MCF7-PDGF-C and MCF7-Neo CM were resolved on an 11% plasminogen-casein SDS/PAGE for 1h at 35 mA on ice. After electrophoresis, the gel was washed twice with 2.5 % Triton X-100, before incubation overnight at 37
• C in 0.1 M glycine (pH 8.0). The following day the gel was stained for 2 h at room temperature (20
• C) with gentle agitation in 0.1 % Amido Black. After incubation, the gel was destained in 30 % methanol/10 % acetic acid. Finally, the gel was placed in a softening solution of 5 % glycerol/5 % acetic acid for 30 min before drying overnight. The gel was subsequently imaged on a Microtek Scanmaker i900 using Photoshop Elements software. Zymographic analysis was repeated three different times.
Scratch migration assay
NIH 3T3 fibroblasts were seeded in a six-well plate and allowed to attach overnight at 37
• C. The next day, these cells were washed once with PBS and incubated for 30 min at 37
• C with 1.0 ml of serum-free DMEM/F12 medium + 25 μg/ml mitomycin C. After incubation, the medium was aspirated, and an injury line was scraped with a 1-200 μl yellow pipette tip. The cells were carefully washed once with PBS. Next, 2 ml of either MCF7-PDGF-C or MCF7-Neo CM was added to each of three wells. The cells were then placed in the incubator at 37
• C for 24 h. Pictures were taken of the cells every 8 h to monitor closure of the gap. Using ImageJ (NIH), closure was assessed as the percentage of cleared area remaining at time 0, 8 and 16 h. Migration assays were repeated three times.
Soft agar analysis
MCF7-PDGF-C and MCF7-Neo cells were embedded in a 0.35 % Bacto agarose (BD Biosciences) gel at 5000 cells/ml and laid on a 0.6% agarose bottom layer. Experiments were performed in triplicate. Cells were allowed to grow for 2 weeks, and were then stained with 4 % Geimsa (Riedel-de Haën). Colonies ranging from 200 to 500 μm in size were counted using the Optronix GelCount. Soft agar analysis was observed in three separate experimental runs.
WST-1 (water-soluble tetrazolium salt 1) proliferation assay MCF7-PDGF-C and MCF7-Neo cells were plated in a 96-well plate at 2000 cells per well. Experiments were carried out in sets of six wells per cell line. Cells were then treated with WST-1 reagent (Roche) according to the manufacturer's recommendations for 3 h, and then samples were read on a Benchmark microplate reader (Bio-Rad Laboratories) at 450 nm. PDGF-C-mediated cell proliferation was verified in three independent experiments.
Matrigel
TM cell invasion MCF7-PDGF-C and MCF7-Neo cells were plated in serum-free medium at a density of 3.75×10 5 cells/ml into Matrigel TM -coated transwells (BD Biosciences). Transwells were then placed in 24-wells containing either serum-free medium or a confluent layer of serum-starved NIH 3T3 cells (co-culture). Invasion was permitted to occur over 48 h, and then transwells were cleaned and stained with 0.9 % Crystal Violet. The number of invading cells was counted in five different high-powered fields using an inverted Nikon TMS microscope. Cell invasion analysis was repeated three different times.
RESULTS
MCF7 cells process PDGF-C into its active GFD
To examine whether breast cancer cells contain the protease(s) responsible for PDGF-C activation and to examine the role of PDGF-C in breast cancer progression, we established MCF7 cells engineered to express PDGF-C (MCF7-PDGF-C) or a control vector (MCF7-Neo) as described in the Materials and methods section. PDGF-C overexpression in MCF7-PDGF-C cells was confirmed by RT-PCR analysis ( Figure 1A) . Importantly, immunoblot analysis under reducing conditions using CM collected from these cells detected both the full-length monomer of PDGF-C (FL-M) with a molecular mass of ∼ 48 kDa, as well as the processed GFD monomer (GFD-M) of PDGF-C with a molecular mass of ∼ 17 kDa ( Figure . These results demonstrate that breast cancer cells express proteases capable of processing PDGF-C independent of a component in serum, which was previously reported to be a major enzyme to process PDGF-C to its active form [17] . Importantly, we found that breast carcinoma-processed GFD-PDGF-C dimer was biologically active for induction of α-PDGFR phosphorylation, as demonstrated by a receptor activation assay in NIH 3T3 fibroblasts ( Figure 1C ).
Tumour-derived PDGF-C mediates both paracrine and autocrine signalling
Since PDGF was shown to induce a desmoplastic response in breast cancer [9] , we sought to determine whether tumourderived PDGF-C induces fibroblast cell migration. To this end, a scratch migration assay was performed, whereby NIH 3T3 fibroblasts treated with CM collected from MCF7-PDGF-C cells demonstrated an increased ability to migrate compared with the Neo-treated control ( Figure 2A ). Next we examined the autocrine effects of tumour-derived PDGF-C on induction of transformed phenotype and tumour cell growth. As shown in Figures 2(B) and 2(C), increased PDGF-C expression resulted in an increase in anchorage-independent cell growth and an increased cell proliferation as assessed using a soft agar assay and a WST-1 proliferation assay respectively. Lastly, to assess the effect of PDGF-C on tumour cell invasion, Matrigel TM invasion assays were performed. MCF7 cells were barely invasive in a Matrigel TM invasion assay, regardless of PDGF-C expression ( Figure 2D ). However, when MCF7-PDGF-C and MCF7-Neo cells were seeded on top of transwell filters coated with growth factor reduced-Matrigel TM in the presence of NIH 3T3 fibroblasts in the lower chamber, MCF7-PDGF-C cells were more invasive than the Neo control. This suggests that fibroblasts respond to tumour-derived PDGF-C, resulting in secretion of factors that potentiate the invasive phenotype in tumour cells. Taken together, these results suggest the potential oncogenic activities of PDGF-C in breast tumour growth, its mediation of tumour-stromal interactions, and tumour cell invasion via both autocrine and paracrine manners.
A serine protease processes FL-PDGF-C in MCF7 cells
The above results indicate that the MCF7 cell line provided a good model to elucidate which protease(s) were capable of activating this growth factor in the context of breast carcinoma cells. To identify the class of protease responsible for the proteolytic processing of FL-PDGF-C, MCF7 cells were cultured in serum-free conditions in the presence of several class-specific protease inhibitors. As shown in Figure 3(A) , aprotinin, a serine protease inhibitor, effectively inhibited FL-PDGF-C processing in these cells. Unlike aprotinin, the cysteine protease inhibitor leupeptin, the cathepsin inhibitors E64 and E64c, the MMP (matrix metalloproteinase) inhibitor TAPI, and the furin inhibitor PDX-Portland showed no significant inhibition of FL-PDGF-C processing, indicating a specific role of serine proteases in the activation of FL-PDGF-C in breast carcinoma. This finding is consistent with a previous report that the serine protease tPA is responsible for the processing of PDGF-C in human fibroblasts [20] . After 48 h of serum-starvation the CM was collected. This CM was concentrated using Ni-NTA agarose beads overnight. After washing of the beads, rPDGF-C was eluted with 10 mM EDTA and then rPDGF-C was incubated with tPA or uPA overnight. Finally, the resultant products were resolved by SDS/PAGE and immunoblotted with an anti-PDGF-C GFD Ab. (E) rPDGF-C was incubated with tPA, uPA, streptokinase and streptokinase + glu-plasminogen (native form of plasminogen with an N-terminal glutamate residue) overnight, and the resultant products were resolved by SDS/PAGE and immunoblotted with an anti-PDGF-C GFD Ab. The molecular mass in kDa is indicated on the left-hand side. Ctrl, control; FL-M, full-length monomer; GFD-M, GFD monomer; SK, streptokinase; Undig., undigested.
To determine whether the plasminogen activator system of proteases plays a role in FL-PDGF-C processing in MCF7 cells, CM was collected from MCF7-PDGF-C cells in the presence of the tPA/uPA-specific inhibitor PAI-1, or in the presence of blocking antibodies against tPA and uPA. As shown in Figure 3 (B), PAI-1 effectively, although not completely, inhibited proteolytic cleavage of FL-PDGF-C into GFD-PDGF-C. Similarly, tPA-blocking antibodies, and to a lesser degree uPAblocking antibodies, were able to inhibit the processing of PDGF-C. The tPA or uPA activities in CM from MCF7-PDGF-C and MCF7-Neo were confirmed by plasminogen-casein zymography, as shown in Figure 3(C) . These findings suggest that MCF7-produced tPA and, to a lesser extent, uPA activated PDGF-C.
Both tPA and uPA are able to process PDGF-C in vitro
To determine whether recombinant tPA and/or uPA can directly process PDGF-C, we first generated rPDGF-C proteins using the vaccinia virus system, followed by purification and concentration using Ni-NTA agarose beads. When rPDGF-C was incubated with increasing concentrations of tPA or uPA overnight at 37
• C, both tPA and uPA were able to process rPDGF-C into the GFD-PDGF-C ( Figure 3D ), suggesting that PDGF-C is a substrate for tPA and uPA. However, if plasminogen contamination during purification of rPDGF-C exists, uPA/tPAmediated rPDGF-C processing may be indirect, as tPA and uPA are potent activators of plasminogen to plasmin, an enzyme known to cleave PDGF-C [15, 21] . To address this, rPDGF-C was incubated with 100 nM streptokinase, a bacterial plasminogen activator. Streptokinase activates plasminogen in a non-proteolytic manner, and streptokinase itself has no proteolytic activity of its own [22] . As shown in Figure 3 (E), in the presence of streptokinase, there was no processing of PDGF-C to its growth domain form, indicating no significant amount of plasminogen to be activated for the processing of PDGF-C under our experimental conditions. As a positive control to ensure that streptokinase is functional, rPDGF-C was incubated with streptokinase and 0.3 nM plasminogen. As shown in Figure 3E (lane 5), streptokinase-activated plasminogen completely processed rPDGF-C into a smaller size of GFD-PDGF-C. These results demonstrate that both tPA and uPA are able to directly process PDGF-C to its GFD form in vitro, independent of plasmin.
Identification of tPA/uPA cleavage sites within the hinge domain of PDGF-C
Gilbertson et al. [17] predicted the serum-sensitive cleavage site of PDGF-C to be RKSR (amino acid residues 231-234), but identified the PDGF-C cleavage site to be between Lys 225 and Ala 226 by N-terminal sequencing of the GFD of PDGF-C isolated from BHK-570 cells [17] . A later study reported through mutagenic analysis that Arg 231 in the hinge region of PDGF-C is essential for cleavage by tPA [18] . Taking these results, together with our amino acid sequence analysis, we focused on two putative sites, LLGK (amino acids 222-225) and RKSR (amino acids 231-234), for uPA-and/or tPA-mediated proteolytic cleavage of PDGF-C, as depicted in Figure 4(A) . By sitedirected mutagenesis and the vaccinia virus expression system, rPDGF-C mutants with Lys 225 mutated to alanine (K225A), Arg 231 and Arg 234 mutated to alanine (R231A/R234A), and Lys 225 , Arg 231 and Arg 234 mutated to alanine (K225A/R231A/R234A) were generated. It should be noted that since the present study regarding tPA processing of PDGF-C parallels two studies that have been performed by Fredriksson et al. [18, 20] , we followed the protocols contained within these studies for comparison of tPA processing of PDGF-C. The greatest inhibition of tPA-mediated proteolytic cleavage was observed in the K225A/R231A/R234A mutant, whereas the R231A/R234A mutant showed the least inhibition of processing by tPA when the cleavage products were analysed under reducing conditions ( Figure 4B, top panel) . Interestingly, when these samples were analysed under nonreducing conditions, GFD dimer was generated from wild-type rPDGF-C proteins only ( Figure 4B, bottom panel, lane 2) . With the K225A or R231A/R234A mutants, generation of GFD dimer was almost completely inhibited with a noticeable accumulation of a product of a molecular mass of ∼ 50 kDa ( Figure 4B, bottom  panel, lanes 4 and 6) . This product has been termed a hemidimer, containing one FL-PDGF-C monomer and one GFD-PDGF-C monomer [20] . When the uPA cleavage site was examined in PDGF-C, Lys 225 in the LLGK motif appeared to be more critical than the arginine residues (Arg 231 and Arg 234 ) in the RKSR motif ( Figure 4C, top panel) . Similarly to the tPA-mediated PDGF-C processing, GFD dimer formation was drastically inhibited in these mutants ( Figure 4C, bottom panel) . These results suggest that Lys 225 in the LLGK motif within the hinge region between the CUB domain and GFD is critical for tPA-and uPA-mediated first cleavage of PDGF-C for the generation of the hemidimer. However, both LLGK and RKSR motifs are important for the second cleavage for the generation of the GFD-PDGF-C dimer.
Matriptase is able to process PDGF-C in vitro
Incomplete inhibition of PDGF-C processing in the presence of the tPA/uPA inhibitor PAI in MCF7 cells ( Figure 3B ) suggested the presence of additional serine proteases with the capacity to process PDGF-C. Interestingly, the serine protease matriptase was shown to have substrate specificity for the amino acid motif RXSR by phage display [23] . Since this putative matriptase cleavage site was found in the RKSR motif in the hinge region of PDGF-C, we sought to investigate whether matriptase can process PDGF-C. First, we confirmed matriptase expression in MCF7 cells by immunoblot analysis, as shown in Figure 5(A) . When rPDGF-C was incubated with various concentrations of the purified catalytic domain of matriptase for 2 h, FL-PDGF-C was processed into GFD-PDGF-C by 1-5 nM matriptase, as shown in Figure 5 (B). To assess whether the cleavage site for matriptase was the same as for tPA and uPA, rPDGF-C R231A/R234A, K225A and K225/R231A/R234A mutants were also incubated with 1 nM matriptase for 2 h at 37
• C. Matriptase-treated rPDGF-C samples were then analysed by immunoblot analysis under reducing and non-reducing conditions. Similarly to uPA and tPA, Lys 225 was critical for matriptase cleavage of FL-PDGF-C into GFD-PDGF-C, as detected under reducing conditions ( Figure 5C, top panel) . However, none of these PDGF-C mutant dimers underwent matriptase-mediated proteolytic cleavage in both chains for the generation of the GFD dimer as analysed under non-reducing conditions ( Figure 5C , bottom panel), suggesting that both LLGK and GRSR motifs are required for matriptase generation of the GFD-PDGF-C dimer.
To determine whether the GFD dimer and/or hemidimer generated by matriptase have biological activity, we performed the following experiment. Wild-type rPDGF-C and R231A/R234A mutant were incubated with 1 nM matriptase for 2 h at 37
• C. The processed PDGF-C was then suspended in serum-free media and utilized for the treatment of serum-starved NIH 3T3 cells for 10 min, followed by immunoblot analysis using an anti-phospho-β-PDGFR Ab. β-PDGFR activation in NIH 3T3 cells was chosen as the readout for PDGF-C activity for the following reasons. NIH 3T3 cells express a high level of β-PDGFR, and PDGF-C was shown to activate β-PDGFR via αβ-PDGFR heterodimerization [17]. As shown in Figure 5(D) , wild-type rPDGF-C processed by matriptase was biologically active and induced phosphorylation of PDGFR, whereas the hemidimer or GFD monomer generated by matriptase cleavage of the R231A/R234A PDGF-C mutant exhibited no biological activity.
To determine whether MCF7-produced matriptase is critical for PDGF-C processing and signalling, MCF7-PDGF-C cells were treated with HAI-1, an endogenous inhibitor of matriptase. Generation of the GFD of PDGF-C was reduced, accompanied with accumulation of FL-PDGF-C (Figure 5E ), supporting a role for matriptase in the proteolytic processing of PDGF-C in breast carcinoma. Next, we examined the biological consequence of reduced PDGF-C processing on its ability to activate PDGFR and induce cell motility in a paracrine manner. To this end, serum-starved fibroblasts were treated with CM collected from MCF7-PDGF-C cells in the absence or presence of HAI-I and analysed for the status of β-PDGFR activation and for their motility. As shown in Figure 5 (F), β-PDGFR activation was less apparent by treatment with CM from HAI-1-treated cells compared with the non-treated cells. Accordingly, NIH 3T3 cell migration was greatly inhibited following treatment with CM from HAI-1-treated MCF7-PDGF-C cells compared with the control ( Figure 5G ). Taken together, these results demonstrated a critical role for matriptase in the activation of PDGF-C signalling.
DISCUSSION
The present study demonstrates that both tPA and uPA can process latent FL-PDGF-C into the active form, whereas our previous study found that uPA, but not tPA, is capable of processing latent PDGF-D into the active form [24] . tPA and uPA belong to the chymotrypsin family of serine proteases, and share a high degree of structural similarity and primary physiological substrates, such as plasminogen [25] [26] [27] . Unlike plasmin, they display highly restricted substrate specificity and play unique roles under physiological and pathological conditions. It is thought that tPA is involved in vascular fibrinolysis, whereas uPA has been implicated in the immune response, tissue remodelling, angiogenesis, cancer growth and metastasis [25, 28] . Since tPA and uPA have differing physiological roles, yet are similar structurally and exhibit a high degree of substrate specificity, several studies have been performed to understand their basis for recognizing substrate sequences [23, [29] [30] [31] [32] [33] . These studies utilized substrate phage display, phage substrate subtraction library and PS-SCL (positional scanning-synthetic combinatorial library) techniques to determine specificity. Briefly, substrate phage display identifies the most labile substrates, and substrate subtraction identifies the most selective substrates for a given enzyme, whereas PS-SCL allows a rapid and minimally difficult technique for the determination of proteolytic substrate specificity. Both tPA and uPA prefer arginine residues over lysine in the P1 position; however, uPA has less preference for arginine than for lysine, indicating that uPA is a less specific protease than tPA [32] . Both enzymes show similar specificity for serine/glycine/alanine residues at the P2 position [23, 33] . Furthermore, the P3 and P4 residues have been shown to be the primary determinants in substrate recognition between tPA and uPA, with a P3 arginine and P4 large hydrophobic residue being the most selective for tPA over uPA [30] . In our mutagenesis assays, PDGF-C processing still occurs with the R231A mutation. This may result from an Subsequently, the lysates from these cells were analysed by Western blot for the presence of phospho-β-PDGFR. Total β-PDGFR was used as a loading control. MCF7-PDGF-C cells were treated with the matriptase inhibitor HAI-1 and PDGF-C processing (E) and biological activity (F) were monitored. In the same gel, an unnecessary lane separating SFM and NT treatment was removed in (E). A white line is drawn to demarcate this change. (G) CM from (E) was utilized to assess NIH 3T3 cell migration. Values are means + − S.D. (n = 3). * and **P < 0.05. The molecular mass in kDa is indicated on the left-hand side. Ctrl., control; FL-D, full-length dimer; GFD-D, GFD dimer; HD, hemidimer, FL-M, full-length monomer; GFD-M, GFD monomer; IB, immunoblot; IP, immunoprecipitate; Mat., matriptase; NT, no treatment; p-, phospho; SF, serum-free; SFM, serum-free medium; t-, total; Undig., undigested.
introduction of a new cleavage site as a result of mutation. Indeed, the R231A mutation introduces a potential cleavage site at Lys 232 with an alanine residue in the P2 site (R231A) [33] . However, although these studies provide insights into the ability of tPA and uPA to cleave certain peptide sequences, it was suggested that the P1-P4 peptide sequences alone are not enough for recognition and cleavage in vivo; there is also a requirement for protease-protein interactions at nearby or distant sites [29] . Consistent with the notion that uPA is a less specific protease than tPA, our previous study [24] and the present study found that tPA can only cleave PDGF-C, whereas uPA can process both PDGF-C and -D.
A previous report by Fredriksson et al. [18] has demonstrated that tPA processing of PDGF-C requires Arg 231 in the RKSR (amino acids 231-234) motif in the hinge region to mediate proteolytic activation of PDGF-C [18] . This conclusion was reached by site-directed mutagenesis of PDGF-C followed by an in vitro cleavage assay with tPA and a PDGFR activation assay. Although this conclusion is valid, the present study provided an alternative Lys 225 -processing site and further insight into PDGF-C processing by tPA, as well uPA and matriptase. The results of the present study indicate that Lys 225 in the LLGK (amino acid 222-225) motif is more critical for the first cleavage generation of the PDGF-C hemidimer. In line with this finding, the Lys 225 site was the cleavage site of PDGF-C sequenced by Gilbertson et al. [17] in BHK-570 cells. More importantly, the present study showed that both the LLGK and RKSR motifs are essential for generation of the biologically active GFD-PDGF-C dimer. These results suggest differences in the structure of the hinge regions of the two PDGF-C chains for the recognition/access of serine proteases to latent PDGF-C for proteolytic activation. The results of the present study also provide important information that the presence of GFD-PDGF-C detected under reducing conditions may not be a good predictor for the biological activity of PDGF-C.
The present study also identified matriptase as a potential activator of PDGF-C in breast cancer. Matriptase was first identified as the major gelatinase in hormone-dependent human breast cancer cells [34] and, since its initial discovery, matriptase has been cloned by several laboratories and has shown a restricted epithelial expression profile in both human and murine tissues [35] [36] [37] [38] [39] [40] . At present, only a handful of substrates have been identified, including PAR-2 (proteinase-activated receptor-2), single chain uPA, the pro-form of MT-SP1 (membrane-type serine protease 1) and HGF [23, 41] . Importantly, increasing evidence suggested a critical role for matriptase in human cancers, as it is highly expressed in carcinomas of the head and neck, and mesothelium, breast, ovary, cervix, prostate, lung and gastrointestinal cancers [42] [43] [44] [45] . Dysregulated matriptase activity is thought to directly affect the extracellular microenvironment during cancer progression through altering processing of matrix components, could act through downstream effector molecules such as growth factors and receptors, chemokines or protease zymogens, leading to their activation or deactivation. Our finding suggests the possibility of matriptase's oncogenic activity involving activation of PDGF-C signalling.
The relative biological significance of tPA, uPA and matriptase for the regulation of PDGF-C activity in vivo is likely to depend on the bioavailability of these enzymes in a given microenvironment. The expression and role of the plasminogen system has been extensively studied during tumour progression and showed increased expression/activity of uPA and tPA in several tumour types, including breast cancer, gliomas, non-small cell lung cancer, pancreatic cancer and prostate cancer [46] [47] [48] [49] [50] . In a recent study of breast cancer patient tissue samples, uPA and uPAR (uPA receptor) expression was correlated with increasing tumour stage and in breast cancer bone metastases by in situ hybridization analyses [51] . However, a role for tPA in breast cancer is unclear. One study showed that tPA expression in breast cancer is not associated with the malignant or benign state [52] . Another report states that low intratumoral tPA expression levels correlate with aggressiveness and poor prognosis for breast cancer patients [53] . Irrespective of these reports, increased PDGF-C expression and serine protease-mediated proteolytic activation of PDGF-C in human breast carcinoma MCF7 cells resulted in fibroblast migration in a paracrine manner, as well as increased MCF7 cell proliferation and anchorage-independent growth in an autocrine manner. In addition, serine protease-activated PDGF-C signalling induced an invasive phenotype in MCF7 cells in the presence of fibroblasts. These results suggest the potential for regulatory cross-talk between extracellular serine proteases and PDGF signalling as being critical for carcinoma growth, as well as for tumour-stromal interactions leading to tumour invasion.
Furthermore, we utilized the Oncomine database (Compendium Biosciences), which is a compendium of published cDNA arrays from over 100 institutions that allows for gene comparison across multiple array studies, in an effort to obtain information as to which serine protease(s) is (are) likely to be available for PDGF-C activation during breast cancer progression. Using this tool, we found that among the PDGF family members, PDGF-C and its cognate receptor α-PDGFR were more likely to be up-regulated during breast cancer progression. Interestingly, although only one out of 19 studies reported an increase in tPA expression in breast carcinoma, almost all studies found increases in matriptase and uPA in breast cancer tissues (Supplementary Table S1 Kim, unpublished work) demonstrated in a tissue microarray analysis of 216 patients with invasive breast cancer that increased PDGF-C expression correlates with lymph node metastasis, increased Ki-67 proliferation staining and lower rates of 7-year disease-free survival, providing compelling evidence for PDGF-C in human breast cancer progression. Taken together, matriptase and uPA are more likely than tPA to be the relevant enzymes for PDGF-C activation, contributing to breast cancer progression.
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